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into gallium melt 

M. Sbibata*, T. Furuya, H. Sakaguchi, S. Kuma 

Advcnctd Research Ctnzrr. Hindu Cablt ltd . WO Kidamuru&c, TatektunhshL ItarukL iWhQ026. Jepan 
Rwcittd 14 March 1998; accepted 25 Juno 1998 



Gallium nitride (GaNJ was synihcsfeed by injecting ammonia ga* into molten galhum at 900-980"C under atmospheric 
pressure. A large amount of GaN powder was reproducibJy obtained using a simple apparatus. The synthesized powder 
was characterized by scanning electron microscopy. X-ray di&action, photoluminesoence and energy dispersive X-ray 
spectroscopy, and wis found to consist of fine crystals ofheaagonal GaN of good quality, Thr \m\ nf fltfN nntmnflri wan 
far rnorg than ih* fl «mmr oflkulat^ from wpecterf ^fitmrinn ^lnMttv in the Ga mrtt bt that rmmeranrr. Wespcculaic 
that the GaN crystals were largely formed by direct reaction between Ga and the gaseous N source at the surface of toe 
NH 3 bubbles in the melt CtoN synthesized by this method may be useful as a starring material fox bulk growth © 1999 
Elsevier Science B.V. AH rights reserved. 

PACS: 81.05; 81.70; 81.10; 81.20JB 
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1. Introduction 

Galhum nitride (GaN) and its related com- 
pounds have begun to be used in optoelectronic 
devices operating in the band from blue to ultra- 
violet wavelength [1-3]. GaN and us related 
crystals are usually grown by rnetallorganic vapor- 
phase epitaxy (MOVPEJ or by molecular beam 
epitaxy (MBE), The reliability of optoelectronic 



•Coneipotrtrng author. Fw: +81 298 26 $411* e-mail: 
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devices depends on the quality of epitaxial layers 
and many efforts have been made to reduce the 
dislocations and other defects in these layers [3,4], 
One big problem which has not yet been solved, 
however, is heteroepitaxiaJ growth. GaN is gener- 
ally grown on sapphire or silicon carbide (SiC) 
substrates, because bulk single crystals of group III 
nitrides with dimensions adequate for substrate are 
not obtainable. The heteroepitaxial growth causes 
defects due to lattice mismatch as well as thermal 
expansion coefficient difference^ Thus, there is 
a strong need for the development of bulk GaN 
crystals. 
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Several papers about basic studies on GaN crys- 
tal growth were published in the period 1970-1980 
[5-10]- Nowadays, though GaN substrate* are 
required, a few studies on bulk GaN growth 
are found in the literature [11-13], while there are 
many reports on epitaxial growth. There has also 
been little study of synthesis of GaN as a raw 
material for bulk crystal prowth OftiKum (CW\ 
metal and nitrogen gas (N a ) do not react under 
atmospheric pressure and ammonia gas (NH^l is 




F1* I, Sctwmsdc drawing of apparatus for C*N symhes»: (i) 
qu*az msd (2) rwjifltmo reflect on made of BN, (3J moJim Ot, 
(4) injection pipe. (5) restatve beater, (6) itennocoupit 

during the synthesis were performed under atmo- 
spheric pressure. 

SN Ga of 2500-4000 g was charged in the vessel. 
Initially, the injection pipe was held above the melt 
and Hi gas of 4N was introduced into the vessel 
through the pipe. Ga was heated in a flowing 
H a atmosphere to remove the gallium oxide cover- 
ing the melt surface. When the melt temperature 
had reached 900-980°C the injection pipe was 
inserted into the melt. Depth of the Ga melt was 
about 6-9 cm and the end of the pipe was kept 
about 1 cm above the bottom of the vessel. Then, 
the gas which was ted through the injection pipe 
was replaced by 5N* NH 3 . NH 3 gas was injected 
into the melt at a rate of 100 200 cm 3 /min. The 
injected gas made bubbles and reacted with Ga 
melt as it rose through the melt. The injection was 
carried out for 4.5-7.5 h, after which the pipe was 
withdrawn from the melt and the beater was extin- 
guished to allow the furnace to cool down. After the 



used as a nitrogen sou rce in many cases. T here are 
several reports on synthesis in the early stage of 
GaN development by hearing the Ga metal 
contained in a quartz (or graphite, boron nitride) 
boat in a NH 5 atmosphere [14-18]. This method 
using a Ga container boat, however, yields less 
synthesis, because a thin GaN crust forms on the 
Ga surface and inhibits further reaction between 
Ga and NH 3 ^ Other synthesis methods have 
recently been reported, for instance, an ammono- 
thennal method [19] which uses high pressure, 
and a plasma assisted method [20,21]; but these 
techniques require special equipment such as 
a high-pressure autoclave and a plasma generator, 
respectively. 

In this study, an injection method to synthesize 
GaN was investigated. A similar method was 
applied for synthesis of indium phosphide (InP) 
crystals by injection of phosphorus vapor into mol- 
ten indium [22]. By injecting ammonia gas into 
molten Ga, it is possible to obtain a large amount 
of GaN powder under atmospheric pressure with 
a simple furnace. 

2. Experimental procedure 

Fig. 1 shows a schematic drawing of the experi- 
mental apparatus for GaN synthesis. A quartz 
vessel which contains molten Ga is put in a resistive 
heating furnace^ The vessel has a quartz pipe with 
inner diameter of 6 mm for NH 3 injection into the 
melt which can move vertically in the vessel white 
retaining the gas seal Boron nitride plates in the 
vessel above the melt reflect heat radiation from the 
melt. The temperature of synthesis is monitored 
using a thermocouple inserted into the melt and is 
feedback-controlled by the heater. All processes 
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pipe was withdrawn, it continued to cznir NH 3 gas, 
and an NH 3 atmosphere was retained in the vessel 
until the temperature of the furnace dropped 
enough that it would not decompose the GaN. 

Fine GaN powder was synthesized and floated 
up in the Ga melt. The surface of the melt became 
muddy, because the powder was mixed with un- 
reacted Oa. To separate the powder from the 
muddy melt, the remaining Oa was washed out 
with a mixture of hydrochloric acid (HQ) and 
hydrogen peroxide solution (H 2 0 2 ), and then the 
powder was filtered. The obtained GaN powder 
was washed with pure water and dried in air for 
several days. 

The GaN powder was observed by scanning elec- 
tron microscopy (SEM) and characterized by X-ray 
diftaction (XRD), photolunrinescence (PL), energy 
dispersive X-ray spectroscopy (EDX) and X-ray 
fluorescence analysis (FXA). . 



3 J. Synthesis of GaN 

We have performed several runs of synthesis. The 
experimental conditions of synthesis and respective 
res lifts are summarized in Table 1. It is difficult to 



measure accurately the amount of GaN powder 
synthesized in an experiment, because it is obtained 
in a muddy state as described earlier. We usually 
spooned out only the muddy surface of the melt 
and separated the powder from it Most of the 
Oa melt which still included some GaN powder 
remained in the vessel after spooning, and this was 
recharged tor the next synthesis. Some powder 
might be lost through the separation process. 
Therefore, we measured the vessel weight including 
the melt before and after injection and found the 
difference. Assuming the weight increase of the 
vessel was due to reacted nitrogen atoms, the total 
weight of synthesized GaN was calculated. For 
example, m condition No.i, about 40 g of dark gray 
GaN powder was obtained from the "mud** and the 
calculated weight of synthesized GaN was 70 g. y 

3,2. Charuaenzanon of GaN powder 

SEM photographs of the obtained GaN powder 
are shown in Fig. 2. It is composed of fine crystals 
~ 10 urn in size. These crystals aggregate and form 
clusters. The crystals are of several shapes; many 
are like porous pumice and others show various 
hexagonal habits of GaN, tike needles, plates and 
so oa The typical needle-like crystals arc shown in 
Ftg.2b r 



Table 1 

SymhaiJ candraom end result i 



Symh. No 



Gt charge 


Symh Temp. 


NH, lmeCtlOD 


Injection 


TV Bight 


OaN 


efficiency of 


(ft) 


CQ 


rate 


penod 




increase* 


reaction* 








(hr) 


(S) 


(8> 


(%) 


4000 


980 


200 


7.5 


11.8 


705 


2L0 


3400 


930 


200 


6.5 


I7J 


104.6 


319 


2700 


900 


100 


6 


4.1 


24.5 


152 


3500 


900 


150 


6j0 


6.9 


4L2 


20.4 


3500 


900 


200 


♦5 


5.3 


31.7 


15.7 


3500 


900 


200 


45 


5.4 


323 


16l0 


3500 


900 


200 


45 


5.3 


31.7 


15.7 


2500 


950 


200 


4.5 


1 Li- 


66.3 


n* 


2500 


950 


200 


44 


fts 


49.6 


24* 



♦weight increase refers to the difference id vessel weight containing the Ga melt before and after NH, injection 

"OaN increase means the nun of synthesized OaN calculated from the value of weight increase, assuming that the increased weigh t is all 

due to leaned nitrogen. 

"efficiency of reaction scans the amount of reacted NH j divided by that injected, calculated by weight inert**, NH> injcctua rate and 
injection period. 
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R$. Z (a) SBM rouge of the symuealzed OaN powder which 
coiwlfti of various shaped crystals, (b) Mine component crystals 
show hexagonal baUt of U*N. Arrows Indicate the lypicaJ 
Needle-Ute crystals. 
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Ffe 3. Tyjucal XRD patten of the GaN powder usna Cu 
K» radiation, 




S50 



450 550 650 

Wavelength (rort) 



Fig. 4. Typical PL spctnm of the OaM powotr meatored at 
loom temperature 



The GaN powder was characterized by XRD 
using Cu K» radiation. Fig, 3 shows a Typical XRD 
pattern of the powder in 0-20 scan mode. The peak 
profile corresponds well with that of the hexagonal 
GaN reported in the X-ray powder data file of 
ASTM, The peaks arc slightly broadened, perhaps 
because the powder includes very fine crystallites of 
~ 0.1 ton, 

PL spectra of the GaN powder were measured at 
room temperature using a He-Cd laser excitation 
source. A typical PL spectrum is shown in Fig. 4. 
A strong band-edge emission peak of 363 nm is 
observed without any deep level luminescence. 



A qualitative analysis was done by EDX. Peaks 
corresponding to Ga and N were detected, but no 
other impurity couW be found. From these results, 
the synthesized powder was recognized as high- 
quality GaN. 

4. Dbcussfem 

4.1. Mechanism of synthesis 

In the conventional injection method, the source 
melt is initially heated up to the melting point of the 
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target compound and then the melt of the com- 
pound is made by injection. The target compound 
crystal is generated by cooling down from its own 
melt In this report, GaN fine crystals were ob- 
tained far below the melting temperature of GaN. 
The total amount of synthesized GaN powder was 
far greater than the amount of GaN calculated 
from saturation solubility m the Ga melt at that tem- 
pcraturc. for rumple, a aolubiKtv ot 3 x 1<T 5 mol 
fraction of QkN m Qa mrir.»t llWP >y* Wn 

reported tYj. U sing this veflue<4000g CJa melt 
allows to dissolve only 0.14 5 QsH ar lixrc. We 
estimate that 70 g qf GaN was synthesized in 
4000 g Ga melt at M0°C, as described above. 8*re- 
cipirauon from the solution during the injection 
process may not have been dominant, because of 
the small solubility of G^N^rthat temperature and 
of the small terapcr^^ difference in the melt. The 
' surface of trte mdtgwdualJy became viscous during 
pT " NH f itijectfo^uaE^nng mat the cry$rab of GaN 
? must be generated during the injectipd. The genera- 
*-< ti on of the QaN crystals coincides with the reaction 
*'\ between Oa and NH^. JVe speculate that most of 
y the crystal are formed directly from Ga and the 
./ gaseous N source (NH 3 may be decomposed prior 
to reaction into radical form) on the surface of NH 3 
bubbles m the melt. During their rise to the melt 
' surface,; the bubbles are constantly changing in 
shape and make a new interface with the mdt. 
Synthesized GaN at the interface does not prevent 
former reaction, and this is the reason only fine 
panicles are created* 

The efficiency of the reaction in this method 
depends on the synthesis temperature as shown in 
Table I. This suggests that the decomposition rate 
of NH 3 hmits this efficiency. Decrease of the effi- 
ciency above 930 950°C is believed to be due to 
increasing decomposition of synthesized GaN The 
yield of GaN is limited by the amount of NH, 
injected and not the amount of charged Ga. The 
Nos.5~7 series of synthesis experiments in Table 1 
confirms that reproducibility can be achieved by 
this method^ 

Crystalline structure of the synthesized GaN is 
shown by X&D patterns to be hexagonal. This 
concurs with a report that MOVPE growth of GaN 
shows a structural transition associated with cubic 
to hexagonal at around 750°C [23J Our experi- 



mental temperature, above 900°C, was evidently 
high enough to form hexagonal crystals. ^ 

4 J. Purity of the GaN powder 

Impurities were also analyzed by PXA. Contami- 
nation of Si had been thought to originate in the 
quartz vessel and injection pipe, but no Si was 
detected there (detection limit: < 0.001 mas?%)> 
Other remarkable elements (Mg, AJ, Zn, Mn, Fc, 
Ni, Cr, Cu, Zr and CI) were not detected or, if 
detected, were under 0.01 mass%. The purity of the 
powder was estimated at about 99.9%. 

The synthesized GaN powder was obtained in 
a mixture with Ga melt. The separation process 
is very important to get high purity GaN. When 
the separation is incomplete, unreacted Ga re- 
mains with the powder and is easily oxidized 
during the separation and/or the drymg process. 
The porous structure of the synthesized GaN 
powder makes it difficult to remove the remaining 
Ga, and also to dry the powder. Therefore, the 
impurity O was sometimes detected by EDX 
measurement. If gallium oxide (Ga 3 0 3 ) is formed, 
it can be observed by SEM as tiny dots of ^ 1 um 
On the surface of GaN fine particles as shown 
m fig. 5. Ga 3 0» can be easily removed by HCI 
treatment of the powder or by ammonolysis at 
930*C. 




Ftg 5. SEM irangf of G» oxides on ihc sniftcc of GaN crystals 
which *tu obtained by no jD*uffiacnt Kpantuoa piece**. Ga 
oxuta arc obicrxd bkc dors us imbatud by arrows. 
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5. CondMkws 

In our study of a synthesis method of GaN by 
injecting NHj gas into molten Ga, a large amount 
of GaN powder was synthesized reproducibly at 
90O-98O°C under atmospheric pressure with 
a simple apparatus. Synthesized GaN powder was 
obtained as a mixture with unreacted Ga. Separ- 
ated GaN powder was observed by SEM and found 
to consist of fine crystals of ^ 10 ^m. The powder 
was characterized by XRD and recognized as 
hexagonal GaN. PL spectrum was also measured 
at room temperature and only a strong band-edge 
emission or GaN was observed. The obtained pow- 
der was analyzed by EDX and FXA and found to 
be composed of high purity GaN. 

The amount of GaN obtained was far in excess of 
the expected amount of that calculated from satu- 
ration solubility in the Ga melt. The efficiency of 
the synthesis reaction depended on the temper- 
arure, which means that the decomposition rate of 
NH ? bmits the yield of synthesis. Based on these 
findings, we suggest that the GaN crystals were 
largely formed by direct reaction between Ga and 
the gaseous N source at the surface of the NH 3 
bubbles in the mdt. 

The authors believe that GaN synthesized by this 
method is a useful starring material for bulk growth. 
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Congruent melting of gallium nitride at 6 GPa 
and Its application to single-crystal growth 

WATARU UTSUMP, HIROYUW SAfTOH, HIROSHI KANEKO, TETSU WATANUW, KATSUT05KI A0K1 
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t tfmhtm of targe stngj* cryatab of GaN fyBBvn nsrxide) tit 
ranter of gran rfsportarice <o opoaeleanjflJc drvfcii fcr Ww- 
U^a-ntemryg diodes and bam* Ahfaoofb hfch-qqafity bcjk 

iflttbod of coating to fluddtioniffric rnehhaabfen ominmifi ilfar 

GaNkaaawrtQenrnyiirguimOaaiidNxP 

Ui mehnig petaL Here we report 4m trying bigb presaure 

oeanple nh pte^asnaihedeoDiiyoaadona^eflo^ 

occurred a shoot 2J230 "C» *id deoe«iog thr tr operant** slowed 
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of die fim sharp diffraction peak s toifican dy diftenw 
rlx.vdikhsrigaeTadiarDVGar^nielctdooT 



£rOffuho« of Ga rndt-wtikh to^rra diirnV CtNmfhtd amgromiiy 
ajihlsaratrpeianira. After nwfong waa cca)nrniad,vafntng off die power 
tothctoro«v rapidly deae^dtttr^rtpesauicdiepreatQ^wasihen 
rtlrastd Thr diffricdon peom of rhe tccawacj *4mi*c »^a« obnmcd 
ondrr arntonr oondidons and dwwed that it wv a porycr>«tf of 
wirTTffrtfnrfmr TrrhrndffatfT^ y . w,rftky "*? OGrXdxrojrhforrned 
ar 6.0 GPa oynailiwd » ihe ucigtful urucrare when die remperamre 
vas datraasedL^ 

Thr pfrtfTTr-rrrnpriiiniiT dtiyrim (ftfr?) wmmifHn rhf 

jTTgmratorn — 'T"~ behawoom of GaN. The eroerimemi weie 
p^fivn^rf fer Htffrwir prwyp^ ft t gd PJLCEaUft- 

dfiBBdnejtoagBaagttlULgL^^ 

lew dwo S.3 CP*. GhN drc om poa ed orro Ga and N* and rhe 
deoatrrposidon gm pr mme (ncmned alrnoat Imcarry with preywore 



OB003 N«uftPvtt*mnaOJ»*e* 
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FROHKEUCHI.SATO I PAKTKEKS PATENT 



T-613 P.flll/013 MOB 



r 



it 



1JH8D-C 



_ a <n 
£5 — • 



J j 1-jTsss s =s 



uso-c 





a 



i 



ljMOT 



I 




y 



01 
27T 



80 

Enwpr {MA 



too 



12D 



(sotd dxdrsj. in amsnm,«t&4 and 6J8GPa (the maximum praire in 
the pretem apparatus wirfa the same-size airtfc) con^nxnt mdbng 
occttmrd«2,»5*C, whuh ii dose to the tt«pcrtCirc«itOCV*(idid 
mxsgk»). Figure 2 dMus doriy (fan the dtcomposMon tcmpcrvnurc 
tnattsiKTipSfly ws&pita^.Mhac3tdiepiwuie{icpaukDCff<rfifae 
(tidtmg tenipennure is nfsjftglblg. Gonsfpnnl}^ the Jccornpcwxien 
irmpcrsrurt ctcccd* Ac cmitmg tcmperajune it •bout 6.0 GPt sad 
floacm^mrftiag Qggurt lthlfogr prniiirei Thr nnitorll yriumgqf 

adiri fiiNjmr brass mdnngui " 



f«3.52 A'f H ag QinguW3apgymn equation, dTMP = 
fadicatcs ihw in* >oforoc change must be 

\*ry smtfl because die dope of the furhtaj fcne » abnoft rem. 
There should be an additional phut boundary (dwi daJtcd Jtnc to 
Pi|p 2} tfctwpsiGa + 1 , andGiN (bquid) /which wiijjoxdewmuafd 
expertmcmrii? by die proem atony It « to thu boundary has a 
negative dope beaux the sabbtihy of Nj in Ge rash mraaac* wnh 
prawW. Further expenmenr * needed id confirm ibjf bypoAed*. 

nfCiN «60GftH Z.«B^ aid ft* natty fa* haiawv small 
jffiflgg gpg <-mu °C G*T) dm»^ kac) The jgjjiS 
rmrrimtiia] intriu inr mmirem wwfa the tf*xx>. wfaicb i* fl ood 
owiidmnatfadtdtecatcuiat^ 



tonptJinzremaiBsemudilir^ii^ 

been reported, induww *own thtiG«NwniaDkeveoai6G^uid 
2 > 300 > CtRf.9).InTbaigipcrtrncn^ 

tod or* opjjowd-tnvd high-psttture device, mi uaed to generate 
prm abow2 CPa end ihcr9^w<rrb««^ on dw winner waoi 
the recovered cample 4r arth*nt condmojii. The di*crepaiKy bciwoeft 
dielr results end oun mighi be dnr to an ixnTotyitfiykuhrirpiessareor 
Kmpa&nre c*om ttion,bccau*e prtcne m tamremenTi atedifficub for 
lenipewnjnrs above 2JOO0 *C psninitarljr in tn opposed-anvil hagh- 
pressure appantnt. 



ay dir nrropriaiuFT wi> 

imi'^.rtwpmsattjfflt 




gA. tcartTUng electron iuimv^i^hi v» wvwk^ 
ittajTiYBaatK^l00um.'^uiT4i«aitX.r ay 



i unix 
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FMIHXEUCHI.SATO I PARTNERS PATENT 



T-613 P.012/013 MDB 




nprv4ft-tiyo*c»ii 



rdl lt» ™™*» onirtnm. aid Qfl «frt fflffl we<* flhtCfWd 

ur&tfl epDB»*atwry rf*ip wubooi any peak tffcma^v&kfaiigood 
evidemor^blgfccryinEmliyof^ 



(10) phnnoa mnrfan, rapecovriy, of me wunzfee jtrocrarr of CaN. 
Punhtr charactcnmtto&s we oowin iop^wmu 



toyapfcotftei WSUGaEafcfh ufe*u H» 

beanamaJ^annrfMn^tttTtoJHwtav^^ 



That itiatD moo^ymgaiThcpoKibfliiyof gymhotimg tiny 
dngie crytftf of GaN from a jnaduDmewc meh ax high prranim 
A prwsmrof6 GP*,ihr crMoil vata* ^^cof^wnrndwHofCiN, 
isabnoiiihtsuiienit»rMcrss^iOTTBiiifon^ 
vrfm roml *>Jwnt c*»*y*t» V*nou$ lwg^«cak hjyh-pmsurc ***** 
tit new oonunosdy opened In me indsstria! pfodnrtcnofsyinbettc 
^mr^nyj f n <4 turflr qnfrn«rt diamond gMflpaqi wnfe ri nm rrrri m lirgr 
u 100 mm uc steady commerdaQy atiflaWe. 8y applying the 
ejjiobihrdaJ^PJwanrtrd^^ 

GaN temal ctP taneo tt long m be synmeszed wsboui lenous 
crchntciJ dtnVuhU*. 



METHODS 



*+fitow*+tm**t ******* * a+ + m~M * 



•on* 







• t JOB 


tm. — i jfc. 




m-tMaiMMftb 














■It fX^iVjavt ftJW* 
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